The historical and contemporary population genetic structure of the chickpea Ascochyta blight pathogen, Ascochyta rabiei (teleomorph: Didymella rabiei ), was determined in the US Pacific Northwest (PNW) using 17 putative AFLP loci, four genetically characterized, sequence-tagged microsatellite loci (STMS) and the mating type locus ( MAT ). A single multilocus genotype of A. rabiei ( MAT1-1 ) was detected in 1983, which represented the first recorded appearance of Ascochyta blight of chickpea in the PNW. During the following year many additional alleles, including the other mating type allele ( MAT1-2 ), were detected. By 1987, all alleles currently found in the PNW had been introduced. Highly significant genetic differentiation was detected among contemporary subpopulations from different hosts and geographical locations indicating restricted gene flow and/or genetic drift occurring within and among subpopulations and possible selection by host cultivar. Two distinct populations were inferred with high posterior probability which correlated to host of origin and date of sample using Bayesian model-based population structure analyses of multilocus genotypes. Allele frequencies, genotype distributions and population assignment probabilities were significantly different between the historical and contemporary samples of isolates and between isolates sampled from a resistance screening nursery and those sampled from commercial chickpea fields. A random mating model could not be rejected in any subpopulation, indicating the importance of the sexual stage of the fungus both as a source of primary inoculum for Ascochyta blight epidemics and potentially adaptive genotypic diversity.
Introduction
Ascochyta rabiei (Pass.) Labr. [teleomorph: Didymella rabiei (Kovacheski) von Arx (= Mycosphaerella rabiei Kovacheski)] is a haploid, heterothallic ascomycete fungus which causes Ascochyta blight of chickpea ( Cicer arietinum L.) (TraperoCasas & Kaiser 1992; Wilson & Kaiser 1995; Barve et al . 2003) . The life cycle of this fungus consists of a single sexual generation per season which develops on infected plant debris during the winter followed by several asexual generations during the growing season of the crop (Kaiser 1992; Trapero-Casas & Kaiser 1992; Trapero-Casas et al . 1996; Navas-Cortes et al . 1998b) . A. rabiei causes disease on all above-ground parts of chickpea, including pods which can lead to seed infection (Halfon-Meiri 1970; Kaiser 1981) . Infected seed has been the primary mode of transmission of the pathogen into areas previously free of the disease (Kaiser & Hannan 1988; Kaiser 1997a ) and the fungus is now present in most areas of the world where chickpeas are grown (Morrall & McKenzie 1974; Kaiser & Muehlbauer 1984; Guzman et al . 1995; Kaiser 1997a; Khan et al . 1999) .
Chickpea is native to southeastern Turkey and northern Syria (Van Der Maesen 1987) and this region may also be the centre of origin of A. rabiei . All documented introductions of the pathogen are assumed to have resulted from the importation and planting of infected seed (Kaiser 1992 (Kaiser , 1997a . In North America, Ascochyta blight was first reported in Canada in 1974 (Morrall & McKenzie 1974) , from the US Pacific Northwest (PNW) in 1983 (Kaiser & Muehlbauer 1984) and in California in 1994 (Guzman et al . 1995) . Introductions of the pathogen into Canada and the PNW appear to have included both mating types as the sexual stage is commonly found in both locations (Kaiser & Hannan 1987; Kaiser 1995 Kaiser , 1997b Armstrong et al . 2001) .
Based on heterothallic mating behaviour in the laboratory (Barve et al . 2003; Trapero-Casas & Kaiser 1992; Wilson & Kaiser 1995) , it is assumed that sexual recombination occurs regularly in the life cycle of A. rabiei in areas where both mating types occur. The mating system of A. rabiei has not been determined in the field, although it is assumed that A. rabiei ascospores from the sexual stage represent recombinant progeny that could contribute to increased genotypic diversity in A. rabiei populations. This variation is potentially adaptive, allowing the pathogen to evolve increased virulence on resistant cultivars and/or to develop resistance to fungicides (Milgroom 1996; Kaiser 1997b; Milgroom & Fry 1997) . The genetic locus controlling mating in A. rabiei ( MAT ) was cloned and characterized recently, which has allowed the development of a MATspecific multiplex polymerase chain reaction (PCR) assay (Barve et al . 2003 ) similar to assays that have been used to determine mating type ratios in other ascomycete fungi (Douhan et al . 2002; Zhan et al . 2002a) .
The genetic structure of fungal plant pathogens is influenced by several evolutionary forces including mutation, selection, migration, genetic drift and recombination (McDonald et al . 1989; Leung et al . 1993; . Molecular markers have revolutionized population genetics studies of many organisms including fungi and it is now a relatively straightforward task to collect allele frequency data from multiple, putatively neutral genetic loci and use this variation to test hypotheses about the biology and evolution of plant pathogenic fungi (Brown 1996; Leung et al . 1993; McDonald 1997) . Elucidation of the genetic structure of fungal plant pathogen populations can provide insight into their biology and evolution and may also have important implications for plant disease management (Milgroom 1996; Milgroom & Fry 1997; Peever et al . 1999; Peever et al . 2000a; Peever et al . 2000b ). An understanding of the spatial and temporal components of genetic variation in fungal pathogen populations can also be used to optimize screening procedures in resistance breeding programmes by ensuring that breeding lines are exposed to all known pathogen variation (Milgroom & Fry 1997; Peever et al . 2000b ). In addition to determination of population structure among populations, population structure can also be estimated at the within-population level and used to make inferences about mating systems (Milgroom 1996) , which may also have important implications for understanding pathogen biology, epidemiology and control.
Little is known about the genetic structure of A. rabiei populations, even though several different molecular marker systems have been used to study genetic variation within and among populations in various countries. These studies have revealed significant genetic variation in populations of A. rabiei in Tunisia (Morjane et al . 1994; Geistlinger et al . 1997) , Italy (Fischer et al . 1995) , Spain (Navas-Cortes et al . 1998a) , India (Santra et al . 2001) , Syria and Lebanon (Udupa et al . 1998) and Pakistan ( Jamil et al . 2000) . However, limitations in sample sizes, experimental designs and analyses in all these studies prevented population genetic inferences from being made. The development of a more robust set of molecular markers and the availability of historical population samples of A. rabiei isolates from initial outbreaks of the disease in the PNW (Kaiser & Muehlbauer 1984 and from contemporary PNW populations gave us an unprecedented opportunity to follow changes in the population structure of a plant pathogen from its original introduction to the present. The objectives of this research were to (1) determine the historical and contemporary population structure of A. rabiei in the PNW and follow changes in population structure through time, (2) estimate genetic differentiation among contemporary samples of A. rabiei from commercial chickpea fields and a disease-screening nursery in the PNW, (3) estimate genetic differentiation among contemporary samples of isolates from resistant and susceptible chickpea cultivars to make inferences about selection and (4) test the hypothesis of random mating in PNW A. rabiei populations.
Materials and methods

Sampling
Two historical samples of A. rabiei (Kaiser-1983 (Kaiser- , -1984 were obtained from genetically diverse chickpea breeding lines in 1983 and 1984 at Washington State University's Spillman Research Farm, Pullman, WA (Table 1) . These samples were obtained from the first recorded Ascochyta blight epidemics in the US PNW and are thought to represent the original introduction of the pathogen into this region (Kaiser & Muehlbauer 1984) . The third historical sample (Kaiser-1987) was obtained from several commercial chickpea fields in the Genesee, ID area during a severe outbreak of Ascochyta blight in 1987 (Table 1) . This sample was obtained from the cultivars Surutato 77 and UC-5, both of which have no known resistance to A. rabiei . Contemporary samples of isolates were obtained from 12 commercial and research chickpea fields during July 1998, 1999 and 2000 in southeastern Washington and northwestern Idaho, USA (Table 1) . This sample included isolates from commercial chickpea fields (MSR-98, SCH-98, BMG-99, BOYD-99, SCH-00, SF1-00, EV-00) obtained from Ascochyta blight-resistant (Dwelley, Evans, Bronic) and susceptible (Spanish White) chickpea cultivars as well as isolates from genetically diverse breeding lines in the USDA-ARS Ascochyta disease nursery at Spillman Farm (SPL-98, SPL-99, SPL-00). The nursery covers approximately 0.5 ha and consists of 3-m rows of replicated chickpea lines arranged in 3 × 3-m plots. A highly susceptible chickpea variety is planted between plots and the nursery is irrigated to promote disease development. The nursery is located approximately 10 km from the nearest commercial chickpea field and approximately 30 km from the commercial chickpea fields sampled in the Genesee, ID area in 1998 -2000. Leaves showing symptoms of Ascochyta blight were collected every 4 m along two or three parallel transects in each field, with each transect separated by approximately 20 m. A single infected leaf was obtained from a single infected plant at each sampling location in a field. A total of 80, 139 and 191 isolates were obtained in 1998, 1999 and 2000, respectively (Table 1) . For the purposes of this study, both the historical and contemporary samples of A. rabiei isolates will be referred to as subpopulations.
Isolation, culturing and DNA extraction
Leaves with Ascochyta blight lesions were surface disinfected by dipping in 95% EtOH for 15 s, 1% NaOCl for 1 min and distilled water for 15 s. Leaves were plated on 2% water agar and incubated on lighted growth shelves at 22 ° C with a 12-h photoperiod for 2 days to induce production of conidia. A single conidium was collected from each leaf by removing a mass of conidia from a single pycnidium with a sterile needle and streaking them on 4% water agar plates. Conidia were incubated in the dark at 22 ° C for 16 h and a single germinated conidium was excised from the agar and placed on V8 juice agar (200 mL V8 juice, 3 g CaCO 3 , 20 g agar per litre) with a 1-cm 2 piece of sterile filter paper and incubated with a 12-h photoperiod for 2-3 weeks. Single-conidial isolates were stored on sterile filter paper at − 20 ° C as described previously (Peever et al . 1999) . To obtain mycelium for DNA extraction, liquid cultures were initiated by adding 2-4 mm 2 pieces of filter paper to 250 mL Erlenmeyer flasks containing 100 mL 2-YEG medium (2 g yeast extract, 10 g glucose per litre). Flasks were incubated at 25 ° C on a rotary shaker at 175 r.p.m. for 4 -6 days and mycelium was collected by filtration through Miracloth (Calbiochem, La Jolla, CA, USA). Mycelium was lyophilized, powdered and DNA extracted following the method of Lee & Taylor (1990) .
Amplified fragment length polymorphism (AFLP) markers
AFLP markers were developed for A. rabiei using the protocol of Vos et al . (1995) , with the following modifications. Five hundred nanograms of nuclear DNA of each A. rabiei isolate was digested with Eco RI and Mse I restriction enzymes (New England Biolabs, Beverly, MA, USA) following the manufacturer's instructions. The doublestranded Eco RI adapter was prepared by mixing equimolar concentrations of Eco RI-AdF primer (5 ′ -CTCGTAGACT-GCGTACC-3 ′ ) and Eco RI-AdR primer (5 ′ -ATTGGTACG-CAGTCTAC-3 ′ ) and double-stranded Mse 1 adaptors were prepared by mixing equimolar concentrations of Mse 1-AdF primer (5 ′ -GACGATGAGTCCTGAG-3 ′ ) and Mse 1-AdR primer (5 ′ -TACTCAGGACTCAT-3 ′ ) (Operon Technologies, Alameda, CA, USA). Restricted DNA was Bassam et al. (1991) and dried overnight before visual scoring of bands. Eight primer combinations (EcoRI and MseI core primers with 0, 1 or 2 selective nucleotides) were used to screen eight isolates (EV-00-6, SCH-00-43, SPL-00 -41, SF1-00 -12, EV-00 -32, SCH-00 -20, AR20 and AR628) from different chickpea cultivars and geographical locations. Primer pair EcoRI-AdF-TA plus Mse1-AdR-A produced 17 polymorphic bands among the PNW isolates and this primer pair was selected for population-level screening.
Sequence tagged microsatellite (STMS) markers
Twenty STMS markers developed for A. rabiei by Geistlinger et al. (2000) were screened for variation with PNW isolates EV-00 -6, SCH-00-43, SPL-00 -41, SF-00 -12, EV-00 -32, SCH-00 -20, AR20 and AR628. Loci ArA06T, ArH02T, ArH05T and ArR12D revealed three to six alleles per locus among these isolates and were selected for population-level screening. We simultaneously selected loci which were polymorphic between isolates AR20 and AR628, the parents of an existing in vitro cross, which facilitated genetic analysis of the STMS loci. 
Sequencing of STMS alleles
Three representative alleles for each locus were directsequenced on both strands using the locus-specific primers to determine repeat motifs and flanking sequences. 
Mating type marker
Mating type was determined using a mutiplex PCR assay with primers designed to the MAT1-1 and MAT1-2 idiomorphs of A. rabiei (Barve et al. 2003) . Primer Com1 was designed to the conserved 3′ flanking region, and primers SP21 and Tail-5 were designed to the MAT1-1 and MAT1-2 idiomorphs, respectively. All three primers were used in equal concentration in a single PCR reaction. 
Data analysis
Analysis of field populations -AFLP. Allele frequencies at each of 17 AFLP loci were estimated using clone-corrected data sets with popgene (PC version 1.31, Molecular Biology and Biotechnology Centre, University of Alberta, Edmonton, Canada). Only subpopulations with more than 10 clonecorrected isolates were analysed. Heterozygosity (H) was estimated within each subpopulation (averaged across loci) using H = , where p i is the frequency of the ith allele at each locus (Nei 1973 (Nei , 1987 . Differentiation among subpopulations was tested using an exact G-test (log likelihood ratio) of allelic goodness-of-fit where G-values were summed across loci (Goudet et al. 1996) and Weir and Cockerham's θ (Weir & Cockerham 1984) . The null hypothesis of no differentiation among subpopulations (G = 0, θ = 0) was tested using nonparametric methods. Observed G-values were compared to values obtained from 1000 artificially randomized data sets where alleles were permuted among subpopulations using the program fstat (version 2.9.3, Institute of Ecology, UNIL, Lausanne, Switzerland). Observed G-values were also compared to randomized data sets where genotypes, rather than alleles, were permuted among subpopulations. This latter approach does not assume random mating within subpopulations (Goudet et al. 1996) . Observed θ values were compared to values obtained from 1000 artificially randomized data sets where genotypes were permuted among subpopulations using the program multilocus (version 1.21, Department of Biology, Imperial College, London, UK). Differentiation among subpopulations was estimated using two data sets, one including both the historical and contemporary subpopulations and another including only the contemporary subpopulations. Nei's genetic distances (Nei 1972) were estimated among subpopulations using AFLP allele frequencies pooled within each subpopulation and used to estimate a neighbour-joining phenogram. A consensus phenogram was estimated from the genetic distance matrix using neighbour-joining using the gendist and neighbor programs of phylip (Phylogeny Inference Package, version 3.6a2, University of Washington, Seattle, USA). Support for phenogram branches was estimated using 1000 bootstrapped samples of the data set using the seqboot program. Maximum likelihood branch lengths were estimated with the program contml using the consensus tree as the input tree.
Segregation and linkage analysis of STMS and MAT markers.
Putative alleles for each STMS locus were numbered consecutively according to size (Table 2) . Alleles segregating at each polymorphic STMS locus in the AR20 × AR628 cross were scored using a binary code corresponding to either the AR20 parental allele or the AR628 parental allele. Segregation of alleles among the progeny isolates was tested for each putative STMS locus and the MAT locus using χ 2 analysis. Segregation ratios were tested against the null hypothesis of 1:1 segregation, which is the ratio expected for the segregation of alleles at a single genetic locus in a haploid organism. Linkage analysis was performed using mapmaker (Macintosh version 2.0, Whitehead Institute, Cambridge, MA, USA) with log likelihood (LOD) scores ranging from 0.5 to 3.0 and recombination fractions ranging from 0.2 to 0.4 to evaluate the stability of putative linkage groups.
Analysis of field populations -STMS and MAT.
Allele frequencies at each of the four STMS loci and the MAT locus were estimated using clone-corrected data sets in popgene. Only subpopulations with more than 10 clone-corrected isolates were analysed. Heterozygosity (H ) was estimated within each subpopulation (averaged across loci) using H = , where p i is the frequency of the ith allele at each locus (Nei 1973 (Nei , 1987 . Genotypic diversity (D) was calculated using D = (n/n − 1)( ) as implemented in multilocus where p i is the frequency of the ith genotype and n is the number of individuals sampled. D represents the probability that two individuals, sampled at random with replacement, have the same genotype and is similar to the diversity measure of Pielou (1969) . Isolates with missing data were not included in the genotypic diversity calculations. Differentiation among subpopulations was tested using an exact G-test (log likelihood ratio) of allelic goodness-of-fit where G-values were summed across loci (Goudet et al. 1996) , Weir and Cockerham's θ (Weir & Cockerham 1984) , and Slatkin's ρ (Slatkin 1995) . Only STMS allele frequency data were used for the tests of differentiation (i.e. MAT data not included). The null hypothesis of no differentiation among subpopulations (G = 0, θ = 0, ρ = 0) was tested using nonparametric methods. Observed G-values were compared to values obtained from 1000 artificially randomized data sets where alleles were permuted among subpopulations using fstat. Observed G-values were also compared to randomized data sets where genotypes were permuted among subpopulations. Observed θ and ρ-values were compared to values obtained from 1000 artificially randomized data sets where individuals (i.e. multilocus genotypes) were permuted among subpopulations using the programs multilocus and rstcalc (Goodman 1997) , respectively. Differentiation among subpopulations was estimated using two data sets, one including both the historical and contemporary subpopulations and another including only the contemporary subpopulations. Nei's genetic distances (Nei 1972) were estimated among subpopulations using STMS allele frequencies pooled within each subpopulation and used to estimate a neighbour-joining phenogram, as described for the AFLP data. Toplogies of phenograms estimated from AFLP and STMS data sets were compared using a Kishino-Hasegawa test (Kishino & Hasegawa 1989) , as implemented in the contml program of phylip. For the STMS data, the topology of the phenogram based on ρ-values (stepwise mutation model) was compared to the topology of the phenogram estimated using Nei's genetic distance (infinite alleles model) using a KishinoHasegawa test as described above. Population structure and assignment of isolates to populations was also inferred from STMS multilocus genotypes only (i.e. without a priori assignment of isolates to geographical location and pooling of allele frequencies within subpopulations) using a Bayesian model-based clustering method implemented in the structure software package (Pritchard et al. 2000) . The model evaluated allowed correlated allele frequencies and individuals to have mixed ancestry. Analyses consisted of 10 5 burn-in replicates and a run length of 10 6 replicates. Ln likelihood values and posterior probabilities were estimated assuming one to five population clusters (K = 1, 2 … 5).
The hypothesis of random mating within subpopulations was tested using three approaches using both non clone-corrected and clone-corrected data sets. Only subpopulations containing more than 10 clone-corrected isolates were used in the analysis. First, a χ 2 test with one degree of freedom was used to test mating type ratios, which are expected to be 1:1 for a randomly mating population (Milgroom 1996) . Mating type ratios were considered significantly different from 1:1 at P < 0.01. Second, associations among loci were tested using the index of association (I A ) statistic (Brown et al. 1980) implemented in the program multilocus. I A has an expected value of zero if there is no association of alleles at unlinked loci as expected in a randomly mating population. The significance of I A was tested by comparing the observed I A value to that expected under the null hypothesis of complete panmixis. The null distribution of I A values was generated by randomly permuting alleles among individuals independently for each locus 1000 times (Burt et al. 1996; Agapow & Burt 2001 ) Third, the parsimony tree length permutation test (PTLPT) compares the length of the most parsimonious tree estimated from the observed data set to the lengths of the most parsimonious trees estimated from randomized data sets (Burt et al. 1996; Maynard Smith et al. 1993) . The PTLPT test was implemented in paup* version 4.0b10 (Swofford 1998 ) using an input file generated from multilocus. Tree length obtained from the observed data was compared to the lengths of 1000 trees using randomized data sets as described for the I A test. In order to test the effect of sample size reduction on the probability of rejecting the null hypothesis of random mating in clonecorrected samples, all tests were repeated for subpopulations where the null hypothesis was rejected using non clone-corrected samples. Five independent random samples (without replacement) of the same size as the clone-corrected samples were drawn from the non clonecorrected data sets and the mating type ratio, I A and PTLPT tests repeated. I A and PTLPT tests were not performed with the historical samples because sample sizes were considered too small and /or were not sampled at random from single fields.
Results
Genetic diversity and population subdivision -AFLP
Gene diversities averaged across the 17 putative AFLP loci ranged from 0.180 to 0.296 and tests of both the loglikelihood ratio G and the population differentiation statistic θ indicated highly significant (P < 0.001) differentiation among subpopulations (Table 3) . G and θ-values were highly significantly different from zero (P < 0.001) (Table 1) . Subpopulations Kaiser-1983 , DAN-98, PKS-98 and SPL-98 not analysed. Analysis based on clone-corrected data sets.
c Log-likelihood ratio G-test (Goudet et al. 1996) . Null hypothesis of no differences in allele frequencies among subpopulations was tested using the proportion of G-values from 1000
randomized data sets which were as large or larger than the G-value estimated from the data set. ***P < 0.001. Re-analysis of 1998-2000 samples only (historical samples removed) is shown in parentheses.
d Population differentiation statistic of Weir & Cockerham (1984) . Null hypothesis of no differences in allele frequencies among subpopulations was tested using the proportion of θ values from 1000 randomized data sets which were as large or larger than θ estimated from the data set. ***P < 0.001. Re-analysis of 1998-2000 samples only (historical samples removed) is shown in parentheses.
e Mean genetic diversity (heterozygosity) in each subpopulation.
with or without the historical subpopulations (Kaiser-1984 (Kaiser- , -1987 included in the analyses. Pairwise comparisons of pooled subpopulations revealed that isolates sampled from the Spillman Ascochyta blight nursery (SPL-99, SPL-00) were significantly differentiated (P < 0.001) from the isolates in commercial chickpea fields (Table 4) . Similarly, isolates from the historical subpopulations were significantly differentiated from isolates from the contemporary subpopulations (P < 0.001) and isolates from resistant chickpeas were significantly differentiated (P < 0.001) from isolates from susceptible chickpeas (Table 3/4). The neighbour joining phenogram of genetic distances revealed four well-supported groups with bootstrap values greater than 85% (Fig. 1) . One group consisted of the Kaiser-1984 and Kaiser-1987 subpopulations, another consisted of the SCH-98, SCH-00 and EV-00 subpopulations, a third consisted of the SPL-99 and SPL-00 subpopulations and the final group consisted of the BMG-99, SF1-00, BOYD-99 and MSR-98 subpopulations. Alleles not present in all subpopulations (private alleles sensu Slatkin) (Slatkin 1985) were detected at seven putative AFLP loci (Table 3) .
Marker development -STMS and MAT
Alleles at all four STMS loci and the mating type (MAT ) locus segregated in 1:1 ratios (P > 0.01) among ascospore progeny of the AR20 × AR628 cross (Table 5 ). The segregation ratio of alleles at locus ArH02T was close to statistical significance (P = 0.011) and was significant at P < 0.05. Linkage analysis employing several different LOD scores and recombination fractions revealed that the STMS loci and MAT were unlinked (data not shown). Sequencing of three representative STMS alleles for each locus revealed that each sequenced allele had the same number of repeats (Table 2) .
Genetic and genotypic diversity -STMS and MAT
Only one multilocus genotype (mating type 1) was detected in the Kaiser-1983 subpopulation (Table 6 ). Twelve additional STMS alleles and the other mating type allele were (Kaiser-84, Kaiser-1987) and nursery samples (SPL-99, SPL-00) not included. detected the following year (1984) . In the Kaiser-1984 and subpopulations, all the STMS alleles currently present in the PNW were detected (Table 6 ). One allele which was detected in the Kaiser-1984 subpopulation (ArH05T, allele 6) was not detected in 1987. Several STMS alleles detected in 1984 and 1987 were not detected in the contemporary subpopulations including ArH02T alleles 1 and 5 and ArH05T allele 6 (Table 6) . No additional STMS alleles were detected in the contemporary subpopulations compared to the historical subpopulations. STMS gene diversities within subpopulations were approximately twice those estimated for AFLPs and ranged from 0.345 to 0.604 (Table 7) . G, θ and ρ-values were all highly significant (P < 0.001), indicating significant genetic differentiation among subpopulations (Table 7 ). All estimates of differentiation were significantly different from zero (P < 0.001) with or without historical subpopulations included. Private alleles (Slatkin 1985) were detected at all four STMS loci (Table 7) . A total of 240 unique multilocus genotypes (MLG) were found among 482 isolates, with 64 MLG occurring at least twice in the overall sample (Table 8) . Only a single MLG was detected in the Kaiser-1983 subpopulation and only two MLG were detected in the SPL-98 subpopulation. Within each subpopulation, the number of unique MLG ranged from 1 in the Kaiser-1983 subpopulation to 36 in the Kaiser-1987 subpopulation. Eleven of 19 MLG observed among the historical subpopulations (Kaiser-1983 (Kaiser- , -1984 (Kaiser- , -1987 were also detected in the contemporary subpopulations (Table 8) . Genotypic diversities were significantly less than 1 (P < 0.01) in seven subpopulations including all the Spillman subpopulations (SPL-98, SPL-99, SPL-00), SCH-00, MSR-98, Kaiser-1983 and EV-00 (Table 8) .
Population subdivision -STMS
Pairwise ρ-values indicated significant differentiation (experimentwise P < 0.05) among 25 of 55 pairwise comparisons among subpopulations (Table 9 ). These pairwise comparisons correlated well with the neighbour-joining phenogram of genetic distances which revealed three distinct groups with bootstrap values greater than 85% (Fig. 2) . The topology of the phenogram estimated from the AFLP data (ln likelihood 184.8) was not significantly different (P = 0.07) from that estimated from the STMS data (ln likelihood 190.5). One group corresponded to the historical subpopulations (Kaiser-1983 (Kaiser- , -1987 , another to the SPL-99 and SPL-00 subpopulations, and a third to the EV-00, SCH-00, BMG-99, SF1-00, BOYD-99 and MSR-98 subpopulations. The topology of the phenogram estimated from ρ-values (ln likelihood 190.5) was not significantly different (P = 0.58) from that based on STMS allele frequencies (ln likelihood 190.2). structure analyses strongly supported the existence of two populations among all isolates (Table 10 , Fig. 3 ), a simpler population structure than was inferred from distance analysis of pooled AFLP or STMS allele frequencies. When two populations were assumed, clear differences in the frequencies of isolates assigned probabilistically to each population were evident among the sampled subpopulations (Fig. 3) . Most isolates in the Kaiser-1984 Kaiser- , -1987 , SPL-99, EV-00 and SPL-00 subpopulations were assigned with higher probability to Alleles numbered consecutively from largest to smallest based on electrophoretic mobility. Log-likelihood ratio G-test (Goudet et al. 1996) . Null hypothesis of no differences in allele frequencies among subpopulations was tested using the number of G-values from 1000
randomized data sets which were as large or larger than the G-value estimated from the data set. ***P < 0.001. Re-analysis of 1998-2000 samples (historical samples removed) is shown in parentheses.
e Population differentiation statistic of Weir & Cockerham (1984) . Null hypothesis of θ = 0 was tested using the number of θ values from 1000 randomized data sets which were as large or larger than θ estimated from the data set. ***P < 0.001. Reanalysis of 1998-2000 samples (historical samples removed) is shown in parentheses.
f Population differentiation statistic of Slatkin (1985) . Null hypothesis of ρ = 0 was tested using 1000 random permutations of the data set. ***P < 0.001.
g Mean genetic diversity in each subpopulation (Nei 1987) . Table 8 Continued population 1 (white) while most isolates in subpopulations MSR-98, BMG-99, BOYD-99 and SF1-00 were assigned with higher probability to population 2 (black). Approximately half the isolates in subpopulations SCH-98 and SCH-00 were assigned with higher probability to population 1 and the other half to population 2.
Tests for random mating -STMS and MAT
The genetic structure of A. rabiei subpopulations was determined using mating type ratios, the index of association test and the parsimony tree length permutation test (PTLPT) ( Table 11 ). Index of association and PTLPT tests were not performed with the Kaiser-1983 Kaiser- , -1984 Kaiser- , -1987 subpopulations because they were not sampled in the same Fig. 3 Estimated membership coefficient for each individual isolate in each of two populations (The number of populations inferred with the highest posterior probability). Each individual isolate is represented by a single vertical bar divided into two coloured segments (white and black) corresponding to the inferred membership in populations 1 or 2, respectively. Isolates are grouped by subpopulation.
Fig. 2 Consensus phenogram estimated among
Ascochyta rabiei subpopulations based on STMS allele frequencies. Numbers at the major branches indicate the percentage occurrence of the cluster adjacent to the branch in 1000 bootstrapped data sets. Only branches occurring in 50% or more of the bootstrapped phenograms are labelled. Scale represents 10% differentiation. (Slatkin 1985) using standardized variances for each locus (Goodman 1997) . Significance of each pairwise comparison was assessed using 1000 random permutations of the data set. Null hypothesis of no differentiation (ρ = 0) was tested with an experimentwise error rate of P < 0.05 over 55 comparisons (P < 0.001 for each comparison) and an asterisk (*) indicates significant pairwise ρ-value.
way as the contemporary subpopulations. Mating type ratios were significantly different from 1:1 (P < 0.05) in two subpopulations (Kaiser-1983, SPL-99) when nonclonecorrected data sets were used. In the Kaiser-1983 subpopulation, only a single mating type (MAT1-1) was found and MAT1-1 also dominated in the SPL-99 subpopulation (Table 11) . Following clone correction, none of the subpopulations had mating type ratios significantly different from 1:1 (Table 11) . Mating type ratio could not be determined for the clone-corrected Kaiser-1983 subpopulation because this sample consisted of only a single genotype (MAT1-1). The null hypothesis of random mating was rejected (P < 0.05) in four subpopulations (SPL-99, SCH-00, EV-00, SPL-00) with the index of association test and in Table 10 Log-likelihoods and posterior probabilities of populations inferred among A. rabiei isolates sampled in the US Pacific Northwest based on STMS multilocus genotypes
a Number of populations. b Log-likelihood of genotypes (X) given K. c Posterior probabilities of K assuming a uniform prior on K = {1, 2 … 5}. Kaiser-1983 or SPL-98 clone-corrected samples due to small sample size. d Probablility of a greater χ 2 -value under the null hypothesis of 1:1 ratio (1 d.f.). e Index of association (I A ) (Brown et al. 1980 ) estimated using four STMS loci and the MAT locus. Null hypothesis of random mating (I A = 0) was tested by comparing the observed I A value to a set of 1000 randomized I A values generated from artificially recombined data sets (Burt et al. 1996) . Not estimated for Kaiser 1983 Kaiser , 1984 Kaiser , 1987 samples. f Parsimony tree length permutation (PTLPT) test (Maynard Smith et al. 1993 ) using four STMS loci and the MAT locus. Null hypothesis of random mating was tested by comparing the length of the observed parsimony tree (L) to the lengths of 1000 randomized trees generated from artificially recombined data sets (Burt et al. 1996) . Not estimated for Kaiser-1983 Kaiser- , -1984 Kaiser- , -1987 samples. g Non clone-corrected data sets. h Clone-corrected data sets (CC).
three subpopulations with the PTLPT test with non clone-corrected data sets (Table 11 ). The null hypothesis of random mating could not be rejected (P < 0.05) in any subpopulation following clonecorrection (Table 11) . Retesting mating type ratios, I A and tree lengths with the smaller random samples revealed that the null hypothesis of random mating could still be rejected in most subpopulations with the index of association test, but sample size reduction led to an inability to reject the null hypothesis of random mating in most subpopulations with the PTLPT test (data not shown).
Discussion
A single multilocus genotype of A. rabiei was detected in the PNW in samples from 1983, which was probably introduced on seed imported for agronomic evaluation. By 1984, many more alleles were detected in the same location including the other mating type allele and most of the STMS alleles currently detected in the PNW. This result suggests that a large number of genotypes were introduced between 1983 and 1984 at this location and most of the diversity currently present in PNW populations of A. rabiei was introduced at this time. The presence of both mating types in samples dating from the initial occurrence of Ascochyta blight in the PNW also indicates that the fungus has had the potential to form the sexual stage since the early 1980s and that the sexual component of the life cycle has probably played a significant role in the epidemiology of Ascochyta blight in the PNW since the disease was first discovered. Contemporary subpopulations of A. rabiei in the PNW are recombining regularly, as indicated by our inability to reject the null hypothesis of random mating in all subpopulations. The historical pattern of introduction of A. rabiei genotypes illustrates the importance of seed as a long-distance dispersal mechanism for this pathogen and the importance of seed testing to prevent such accidental introductions in the future (Kaiser & Hannan 1988; Kaiser 1997a ). The few STMS alleles which appear to have been lost from the contemporary subpopulations were all present originally in low frequency and their disappearance presumably reflects random loss due to stochastic fluctuations in population size or incomplete sampling. No additional STMS alleles were detected in contemporary PNW populations compared to the historical samples, which probably indicates that new genotypes of the fungus have not been introduced since the early 1980s or that additional genotypes have been introduced but have not become established. No large-scale importations of chickpea seed have been recorded in the PNW for the past 20 years (F. J. Muehlbauer, unpublished), which has presumably prevented the introduction of new genotypes. The source of the introductions of A. rabiei into the PNW cannot be discerned from the current data, although it has been suggested that the infected seed responsible for the original introduction was from Syria and /or India (Kaiser & Muehlbauer 1984) . This hypothesis is currently being tested by determination of the worldwide population structure and phylogeography of A. rabiei. This research will include isolates sampled from the putative centre of origin of the pathogen, from putative source populations of various introductions as well as isolates sampled from most countries where chickpeas are grown. We anticipate being able to identify definitively the source population of the PNW introduction as well as several other introductions which have occurred in various parts of the world. Highly significant genetic differentiation was detected between the historical and contemporary subpopulations of A. rabiei. The historical subpopulations were sampled from chickpea cultivars with no known resistance to Ascochyta blight. Similarly, two of the contemporary subpopulations (SCH-98, SCH-00) were also obtained from susceptible cultivars, yet strong differentiation was observed between the historical and SCH subpopulations in the distance analysis when allele frequencies were pooled within subpopulations. When population structure was inferred based on multilocus genotypes without regard to geographical location of the sample, two populations were inferred with the highest posterior probability. Isolates in the historical samples were assigned more commonly to population 1 while contemporary isolates were more likely to be assigned to population 2. This suggests that the genotypes predominating in the early samples may have been replaced largely by different genotypes in contemporary A. rabiei populations. Two exceptions to this were the SCH-98 and SCH-00 samples, which consisted of approximately equal frequencies of isolates assigned to each population. The strong differentiation observed between the historical and SCH subpopulations in the distance analyses was probably the result of pooling allele frequencies across populations 1 and 2 isolates which obscured the genetic variation within each subpopulation. The genetic differentiation observed among the contemporary subpopulations was due probably to genetic drift, restricted migration and selection by host. Several private alleles were detected in both the AFLP and STMS data sets, demonstrating clearly that migration and gene flow among contemporary subpopulations was restricted. The AFLP and STMS data sets gave very similar estimates of differentiation and, to our knowledge, this is the first fungal population genetics study where both AFLP and STMS data sets have been employed. The genetic differentiation observed between isolates sampled from susceptible and resistant hosts was highly significant for both the AFLP (θ = 0.235, P < 0.001) and STMS markers (θ = 0.036, P = 0.011), although the extent of differentiation was much smaller for the latter. The results of the structure analyses also indicated that population 1 isolates were associated more commonly with susceptible hosts and population 2 isolates with resistant hosts. Three exceptions to this pattern were the subpopulation EV-00 from the resistant cultivar Evans, which had mainly population 1 isolates, and the SCH subpopulations from the susceptible cultivar Spanish White, which had a mixture of populations 1 and 2 isolates. These data are consistent with the hypothesis that the widespread adoption of resistant cultivars throughout the PNW since 1992 has selected for population 2 isolates, which may be better adapted to the resistant cultivars. However, the potential role of random factors such as founder effects in determining which genotypes have become established in a given area must also be considered. The existence of two virulence phenotypes (pathotypes) in A. rabiei populations in the PNW has been demonstrated recently (Chen et al. 2003) . One pathotype appears to predominate in historical samples from susceptible chickpea and the other in samples from resistant chickpea, and it is tempting to speculate that these two virulence types (pathotypes) may correspond to populations 1 and 2 inferred using multilocus genotypes in this study. Further experimental studies are required to determine if population 1 and population 2 isolates differ in virulence on susceptible and resistant chickpea cultivars and to determine if resistant chickpea hosts have selected for population 2 isolates. Combining phenotypic and genotypic analyses is required in order to better understand the role of host genotype in controlling the genetic structure and evolution of A. rabiei populations.
Significant genetic differentiation was observed between A. rabiei subpopulations from the Ascochyta blight screening nursery at Spillman Farm and subpopulations from commercial chickpea fields. In addition, many different multilocus genotypes occurred at Spillman which were more similar to those sampled in 1984 and 1987 than to genotypes occurring currently in commercial chickpea fields. This indicates that chickpea breeding lines grown at the Spillman location were more likely to have been exposed to population 1 isolates than chickpeas in commercial fields. The genetic differentiation between commercial chickpea fields and the Ascochyta blight nursery raises concerns about the effectiveness of the screening programme for Ascochyta blight resistance, especially if a host genotype by pathogen genotype interaction can be demonstrated for population 1 and population 2 isolates. The method by which infected chickpea debris is collected, maintained and used to inoculate plots in the disease nursery may have selected for population 1 isolates. Infected debris is placed in the plots early in the growing season at Spillman and irrigation is used to initiate infection and maintain high disease levels. Susceptible chickpea varieties are used as 'spreader rows' to promote high disease development in these plots and a substantial proportion of the infected debris collected at the end of the season may be from these susceptible varieties. Infected debris is collected at the end of the season, stored dry through the winter and distributed in the plots the following season. Some of the infected debris at the Spillman site was collected originally in the Walla Walla, WA area in 1996 and brought to the Spillman site to supplement debris which was collected previously from other locations (W. J. Kaiser & F. J. Muehlbauer, unpublished) . Both the SCH subpopulations from Walla Walla and the Spillman subpopulation appear to harbour a significant frequency of population 1 isolates. In order to address the problem of differences in allele frequencies and differences in genotypes between commercial chickpea fields and the screening nursery, genotypes currently not present at Spillman have been introduced by inoculating plants artificially with the missing genotypes. This will ensure that all the genotypes present in the PNW will be present in the disease screening nursery and all breeding lines will be challenged by all potential variation in the pathogen. A further modification which has been made at Spillman is that infected debris is now being left on the soil surface to allow formation of the sexual stage through the winter to allow genetic recombination. This modification will allow the sexual stage to occur regularly in the disease screening nursery and should also allow the pathogen population at Spillman to evolve similarly to populations in commercial fields.
We were unable to reject the hypothesis of random mating in all contemporary clone-corrected subpopulations of A. rabiei, suggesting that recombination is a regular feature of the biology of this fungus. This result indicates the potential importance of the sexual stage in the epidemiology of Ascochyta blight in the PNW. Random mating was not unexpected, as the sexual stage of A. rabiei has been reported numerous times in the PNW (Kaiser & Hannan 1987; Kaiser 1997b) and is observed readily on overwintered chickpea debris (T. L. Peever, unpublished). Additional support for the importance of the sexual stage in the epidemiology of Ascochyta blight comes from anecdotal observations of Ascochyta blight development in the field. Early disease development in PNW chickpea fields is characterized by a uniform distribution of lesions in the upper canopy (T. L. Peever, W. Chen, W. J. Kaiser, unpublished) , which is more consistent with a model of ascospores from the sexual stage as the initial inoculum source than with a model of seedborne inoculum (Halfon-Meiri 1970; Kaiser et al. 1973; Maden et al. 1975; Dey & Singh 1994) . Therefore, based on direct observation of the sexual stage, indirect tests of random mating using molecular markers and epidemiological evidence, it appears that the sexual stage is important and that A. rabiei populations are recombining in the PNW.
The extent of genetic differentiation among subpopulations observed in this study was similar to that observed among Cryphonectria parasitica subpopulations in eastern North America (G ST = 0.20) (Milgroom & Lipari 1995) and Alternaria alternata subpopulations on citrus in Florida (G ST = 0.12) (Peever et al. 2000a ), but lower than that observed among Pyrenophora teres subpopulations (G ST = 0.33) which were sampled on a much larger geographical scale throughout North America (Peever & Milgroom 1994) . However, our results contrast markedly with three other ascomycete plant pathogens with similar biology to A. rabiei. Mycosphaerella graminicola, Phaeosphaeria nodorum and Tapesia yallundae also have recombined population structures but exhibit little differentiation (G ST < 0.05) among geographically separated subpopulations, even on a worldwide sampling scale (Boeger et al. 1993; Keller et al. 1997; Douhan et al. 2002; Zhan et al. 2002b) . It is not clear why A. rabiei exhibits significantly higher differentiation among subpopulations but some possible explanations could include greater restriction on migration and gene flow and/or a larger effect of genetic drift within subpopulations, which might be related to effective population sizes. Further study is required to determine the causes of these different patterns of population structure among plant-pathogenic fungi with similar biology.
The hypothesis of random mating could not be rejected in the 1999 and 2000 subpopulations from the Spillman Ascochyta blight nursery with clone-corrected samples even though asexual reproduction is enforced at this location. Asexual reproduction of A. rabiei at this site has been enforced for approximately 7 years by storing the debris over the winter in a dry state, which precludes formation of the sexual stage. Our failure to reject random mating in a population where the fungus was known to be reproducing asexually points out one of the major weaknesses of the indirect tests of random mating used in this study. These tests cannot distinguish between current and past recombination, nor can they infer how much recombination has occurred (Burt et al. 1996; Milgroom 1996; Taylor et al. 1999) . The subpopulations at Spillman were established by collecting infected chickpea debris from the same farm (Schafer) as was sampled for the 1998 and 2000 (SCH-98 and SCH-00) contemporary subpopulations. Random mating tests in these subpopulations showed them to be recombining. Therefore, it appears that even though the Spillman subpopulations have been asexual for approximately 40 generations, the signature of past recombination is still evident because they were established recently from a recombining population. Even though random mating could not be rejected in the clone-corrected Spillman samples, a higher rate of asexual reproduction relative to the commercial sites is clearly evident when the non clonecorrected and clone-corrected samples are compared. Spillman subpopulations had higher frequencies of clones than most of the commercial sites and random mating was rejected in all three subpopulations (SPL-98, SPL-99, SPL-00) for one or more of the random mating tests with non clonecorrected samples. However, random mating was also rejected using non clone-corrected data sets from two other subpopulations from commercial fields (SCH-00, EV-00) pointing out the difficulty in measuring the extent of asexual relative to sexual reproduction in fungal populations. The power of the multilocus disequilibrium tests we employed were affected by sample size, although sample size reduction had a much greater impact on the PTLPT than the I A test. This result indicates that the index of association test may be much more robust in situations where sample sizes are small. Multilocus gametic disequlibrium tests are also known to be affected by frequencies of rare alleles and alleles near fixation (T. L. Peever, unpublished) . The effect of sample sizes, allele frequencies, number of loci, linkage relationships of loci and other factors which are known to affect the performance of these multilocus disequilibrium tests need to be explored systematically using simulations of real and synthetic data sets in order to derive some general rules regarding the performance of these tests under different conditions. This research has demonstrated the importance of understanding the population structure of plant-pathogenic fungi for the design and implementation of effective programs for resistance screening. The control of Ascochyta blight in most chickpea growing areas of the world is dependent upon the use of resistant cultivars. Control of Ascochyta blight in areas where chickpeas are grown as a subsistence crop is dependent entirely upon host resistance due to the prohibitively high cost of fungicide applications. Future control of this disease in all areas of the world will require a continuous process of identification of more effective sources of resistance and incorporation into commercially acceptable cultivars. Identification of new sources of resistance requires an intimate knowledge of genetic variation in the pathogen, which can be provided by population structure studies with molecular markers such as that reported here. The apparent replacement of population 1 isolates of A. rabiei by population 2 isolates in the PNW may be the result of selection by resistant chickpeas and better knowledge of such shifts in population structure are necessary for effective breeding of chickpea resistant to this disease. This research has also demonstrated the significance of the sexual stage in the biology of A. rabiei and in the epidemiology of Ascochyta blight. The adoption of reduced tillage practices to control soil erosion in PNW cropping systems has created conditions that are ideal for development of the sexual stage. Given the inevitable move towards reduced tillage practices in agroecosystems worldwide, effective and environmentally sound control of Ascochyta blight will require a better understanding of the biology of the sexual stage and control strategies will be increasingly targeted towards this stage of the pathogen.
